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A stable cell line expressing the bovine papillomavirus E1 protein (C2E1) was compared with an E1 minus control line
(CNEO) to study the effects of E1 protein on host cell growth. C2E1 and CNEO cells were synchronized either at mitosis
or at the G1/S boundary by the cell cycle inhibitors nocodazole and mimosine, respectively. After release from the drug-
induced cell cycle block, the progression through the succeeding stages of the cell cycle was temporally monitored using
flow cytometry. In addition, incorporation of bromodeoxyuridine (BrdUrd) was used to determine precisely the time of
initiation of DNA synthesis in C2E1 and CNEO cells after release from drug-induced cell cycle arrest. Expression of E1
protein decreased the duration of G1 phase and increased S and G2 phase durations without affecting the overall cell
doubling time. In conjunction with the increase in G2 phase duration, histone H1 kinase activity was prolonged during the
G2 to M phase transition in C2E1 cells, which suggested that E1 protein may affect the mechanisms which ensure proper
timing of kinase inactivation. During the G1 to S phase transition in C2E1 cells, the timing of appearance and abundance
of cyclin D1 were altered compared to CNEO cells, while cyclin E levels were unaffected. Consequently, E1 protein may
affect G1 phase duration through a cyclin D1-dependent pathway. Finally, a subpopulation of cells with a greater than G2
DNA content (G2 DNA), and which was still capable of incorporating BrdUrd, was shown to exist only in the E1-expressing
cell line. These combined results demonstrate that the viral replication protein E1 has the potential to influence the host
cell environment significantly, which may contribute to pathogenesis and viral persistence. q 1996 Academic Press, Inc.
INTRODUCTION viewed in Vousden, 1994). More recently, HPV E7 protein
has been shown to be necessary and sufficient for activa-
Human and animal papillomaviruses are widely dis- tion of host cell DNA synthesis (Cheng et al., 1995). The
tributed in nature and have strict species and tissue role for E6 and E7 in the bovine papillomavirus type 1
specificity (reviewed in Brandsma, 1994; Schneider, (BPV1) life cycle is less clear as these proteins have not
1994; Turek, 1994; zur Hausen and de Villiers, 1994). To been shown to bind p53 or pRB. For BPV1 the E5 protein
initiate their genome replication these small DNA tumor appears to be the primary transforming protein (DiMaio
viruses utilize mainly the host DNA replication machinery et al., 1986; Jareborg et al., 1992) and has been shown
and require only two viral proteins, E1 and E2 (Sarver et to have host cell DNA synthesis activating properties
al., 1984; Ustav and Stenlund, 1991; Ustav et al., 1991). (Green and Loewenstein, 1987; Alderborn and Burnett,
However, productive viral replication occurs in terminally 1994). While the cumulative weight of numerous studies
differentiated cells of the upper epithelium which are not strongly supports the role of viral oncogene products in
normally active for DNA synthesis (Chow and Broker, altering the host cell growth program, these studies do
1994; Demeter et al., 1994; Cheng et al., 1995). Clearly not exclude the contribution of other viral gene products
there must be viral-encoded activities that reactivate the toward this process.
quiescent cellular replication machinery and create an Recently we have shown that BPV-1 E1 protein, be-
environment supportive of viral maintenance and repro- sides involvement in viral DNA replication, also affects
duction. Previous work has focused primarily on the viral the host cell growth and cell cycle (Belyavskyi et al.,
oncogenes, E5, E6, and E7. Human papillomavirus (HPV) 1994a,b, 1995). Expression of E1 correlates with: (1) de-
E6 and E7 proteins can interact with the host p53 and creased G1 phase duration coupled with increased dura-
pRB proteins, respectively, and these interactions are tion of G2 / M and S phases, (2) decreased requirement
important steps in virus-induced transformation (re- for serum growth factors, and (3) a change in the timing
of appearance and physical state (bound/unbound forms)
of PCNA during the transition from the quiescency to1 Current address: Department of Pathology and Laboratory Medi-
proliferation. These are the first observations of an E1-cine, Texas A&M University, College Station, Texas 77843.
dependent effect on the host cell in the absence of other2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (409) 845-3479. E-mail: V-Wilson@tamu.edu. viral proteins or viral DNA replication.
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The underlying mechanisms of BPV-1 E1 effects on modified Eagle medium (DMEM, Sigma) supplemented
with 10% fetal bovine serum (FBS), penicillin (100 mg/ml),the host cell remain to be defined. Dissection of the
contribution of E1 to cellular changes is difficult in the streptomycin (100 U/ml), fungizone (2.5 mg/ml), and G418
(500 mg/ml).context of the complete viral genome because E1 is es-
sential for viral replication (Ustav and Stenlund, 1991) C2E1 and CNEO cells were synchronized in mitosis
or at the G1/S boundary, using cell cycle inhibitors, ac-and contributes to transcriptional regulation (Sandler et
al., 1993; Le Moal et al., 1994; Zemlo et al., 1994). Conse- cording to the protocol described by Sladek and Jacob-
berger (1992). All drugs were first tested to find the mini-quently, E1 mutants are likely to have pleiotropic effects
which might obscure any direct influence on host cell mal concentration that affected cycling cells. E1 express-
ing and control cells were synchronized in mitosis by agrowth regulation. However, a basis for E1-induced host
cell effects is suggested by the structural and functional 16-hr incubation in DMEM with nocodazole (1 mg/ml,
Sigma). The rounded cells were subsequently detachedhomology between E1 protein and the SV40 large T anti-
gen (Fanning and Knippers, 1992; Cegielska et al., 1994; from the substrate by gentle shaking and pipetting. After
two washes in fresh DMEM without nocodazole, the cellsDickmanns et al., 1994). Numerous studies have shown
that T-antigen has a variety of effects on host cells, in- were replated into 100-mm2 culture dishes at 5 1 105
cells/plate and 4 hr later unattached cells were washedcluding the ability to stimulate cell cycle progression in
quiescent cells, induction of tetraploidy, and changing out. To synchronize cells at the late G1 phase, mimosine
blockade was used. Mimosine (10 mM in PBS, Sigma)cell cycle phase duration (Moran, 1993; Friedrich et al.,
1994; Scarano et al., 1994). Domain analysis of T antigen was added to the culture media to a final concentration
of 400 mM. After 14–16 hr, mimosine containing mediumhas shown that these effects map to a least four regions
of the T primary structure, including two regions not in- was removed and replaced by fresh medium without mi-
mosine. At indicated times after release from the drug-volved in p53 or pRB interaction (Dickmanns et al., 1994).
It is possible that these latter two domains encode func- induced block, the cells were harvested with trypsin,
stained, and processed by flow cytometry.tions shared by E1 protein and which account for the
E1-induced changes in host cell growth that we have
reported previously. Expression, purification, and coupling of p13suc1
Our previous findings that BPV1 E1 protein caused protein to CNBr activated Sepharose beads
changes in the host cell cycle phase durations suggested
that E1 may be influencing cellular regulatory pathways Full-length p13suc1 protein was expressed from the vec-
tor pRK172 in the Escherichia coli strain BL21 (DE3)that control progression through various stages. Cyclins
and cyclin-associated kinases are known regulators of pLysS grown in LB broth containing 50 mg/ml ampicillin
and 30 mg/ml chloramphenicol. p13suc1 was induced (bycell cycle progression (reviewed in Sherr, 1993) and
would be likely targets to explain the E1-dependent alter- addition of IPTG to a concentration of 0.4 mM) when
cultures had attained an OD600nm of 0.6–0.8. Culturesation in the host cell cycle. In the present study we exam-
ined the consequences of E1 expression on the timing were allowed to grow for 4 hr and then were harvested
by centrifugation at 3000 g for 15 min. The bacterial pelletof appearance of G1 phase cyclins, on the periodicity in
G2 phase specific cyclin-dependent kinase activity, and from a 500-ml culture was resuspended in 15 ml of lysis
buffer (50 mM Tris–HCl, pH 8.0, 5 mM EDTA, 10% glyc-on the ability of the host cells to initiate a second round
of host cell DNA synthesis, leading to the appearance erol) containing protease inhibitors (1 mM PMSF, 10 mg/
ml leupeptin, 1 mM TLCK, 2 mg/ml a-macroglobulin) andof the cells with more than G2 DNA content (G2).
0.1% Triton X-100. The cell suspension was sonicated
(VirTis VirSonic 300) on ice four times for 1 min at maxi-MATERIALS AND METHODS
mum power output, and the crude lysate was centrifuged
Cell culture and cell synchronization
in a Sorvall centrifuge for 30 min at 28,600 g in an SS-
34 rotor. The cleared supernatant was then filteredConstruction of E1-expressing (C2E1) and control
(CNEO) cell lines was described previously (Belyavskyi through a 0.45-mm filter and loaded on a 1.5 1 70-cm
Sepharose CL-6B column (Pharmacia) preequilibrated inet al., 1994b). Briefly, exponentially growing mouse C127
cells were transfected either with a plasmid carrying the 0.1 M borate, pH 8.0, 200 mM NaCl. The flow rate was
set at 1.5 ml/min and 5-ml fractions were collected andneomycin (NEO) resistance gene alone or with a plasmid
that carried both the NEO resistance gene and the E1 screened for the p13suc1 protein by SDS–polyacrylamide
gel electrophoresis on a 15% separating gel. Protein con-ORF, expression of which was regulated by an inducible
MMTV promoter. Drug-resistant colonies (more than 20 centrations of the fractions containing essentially pure
p13suc1 protein were determined using the bicinchoniniccolonies) were picked 2 weeks later, pooled, and ex-
panded to the cell lines CNEO and C2E1. Cells were acid protein assay (BCA-Pierce, Rockford, IL). The p13suc1
protein was coupled to cyanogen bromide-activatedmaintained in monolayer cultures at 377 in a humidified
atmosphere of 5% CO2 and were grown in Dulbecco’s Sepharose 4B beads at a concentration of 5 mg/ml wet
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beads according to the manufacturer’s (Pharmacia, Pis- mg/ml of aprotenin, 1 mM PMSF, 2 mg/ml a-macroglobu-
lin) was added to each plate. After 5 min incubation,cataway, NJ) instructions and then resuspended in phos-
phate-buffered saline (PBS), pH 7.4, until use. lysates were collected, microcentrifuged at 47 for 10 min,
and the supernatants were stored at 0707. Protein con-
Preparation of mouse cell extracts for the histone H1 centration was determined by using the Bio-Rad protein
kinase assay assay. Equal amounts of total protein (50 mg) were run
on 10% SDS–PAGE and proteins were then transferredApproximately 1 1 106 cells were resuspended in 150
from the gel to an Immobilon membrane by semidry blot-ml of sonication buffer (25 mM Tris–HCl, pH 8.0, 10 mM
ting. Membranes were immunoblotted using polyclonalMgCl2 , 15 mM EGTA, 15 mM p-nitrophenylphosphate, 60
anti-cyclin E antibodies, monoclonal anti-cyclin D1 anti-mM glycerophosphate, 1 mM ATP, 1 mM DTT, 100 mM
bodies, and polyclonal anti-CDK2 antibodies (all antibod-NaF, 100 mM sodium orthovanadate, 0.1% NP-40) con-
ies from Santa Cruz and were used at recommendedtaining protease inhibitors (1 mM PMSF, 10 mg/ml leu-
dilutions) and detected by the ECL (Amersham) detectionpeptin, 1 mM TLCK, 2 mg/ml a-macroglobulin) and soni-
system according to manufacturer’s instruction. Whencated briefly on ice. The crude homogenates were centri-
the same blot was reused with multiple antibodies, it wasfuged at 16,000 g for 10 min at 47. A 5-ml aliquot was
stripped between assays in 100 mM b-mercaptoethanol,removed, diluted 1:20 with water, and analyzed for pro-
62.5 mM Tris–HCl (pH 6.8), and 2% SDS for 30 min attein concentration using the Bio-Rad protein assay. The
507. The autoradiograms were quantified using the IS-remainder of the cleared supernatant was immediately
1000 Digital Imaging System.frozen on liquid nitrogen until analysis.
Labeling with BrdUrdHistone H1 kinase assay
Pulse labeling and detection of incorporated BrdUrdTotal protein (100 mg) from each cell extract to be
was done according to Schutte et al. with some modifica-assayed for histone H1 kinase activity was loaded onto
tion (Schutte et al., 1987). Briefly, BrdUrd (1 mM in PBS;20 ml of a 75% slurry of p13suc1 beads in a 1.5-ml Eppen-
Sigma Chemical Co.) was added directly to cells indorf tube and placed on a rotater at 47 for 2 hr to allow
DMEM medium to achieve a final concentration of 10binding of cyclin-dependent kinases. The p13suc1 beads
mM and then incubated for 30 min in 5% CO2 at 377. Thewere then washed three times in 200 ml bead wash buffer
cells were harvested by trypsinization, washed twice in(50 mM Tris–HCl, pH 7.4, 250 mM NaCl, 50 mM NaF, 5
PBS, fixed in 70% ethanol, and kept at 0207 until readymM EDTA, 100 mM sodium orthovanadate, 0.1% NP-40)
to use. To enumerate cells which incorporated BrdUrdand two times in 200 ml of kinase assay buffer (50 mM
during S phase, DNA was denatured by incubation in 2Tris–HCl, pH 7.5, 10 mM MgCl2 , 1 mM DTT). Kinase
ml 0.1 M HCl with pepsin (Boehringer Mannheim, 0.4reactions were initiated by addition of 20 ml of a reaction
mg/ml) for 10 min at room temperature. The acid wascocktail consisting of kinase assay buffer prewarmed to
neutralized by washing cells twice with 0.1 M sodium307 and containing 0.1 mg/ml histone H1 protein (Boeh-
tetraborate, pH 8.5, and 106 cells were resuspended inringer Mannheim), 100 mM ATP, and 10 mCi of [g-32P]ATP
50 ml of PBS containing 0.5% Tween-20 and 1% BSA. 20(3000 Ci/mmol). Reactions were allowed to proceed for
ml of anti-BrdUrd-FITC (Becton–Dickinson) was added15 min at 307 and were terminated by addition of 10
and incubated for 30 min at room temperature. Cellsml of 41 SDS sample buffer containing 25 mM EDTA
were centrifuged (500 g, 3 min) and resuspended in 0.5(Sambrook et al., 1989). The tubes containing the reac-
ml propidium iodide (PI; Boehringer Mannheim, U.S.A.)tions were then boiled for 3 min and centrifuged at 16,000
solution (50 mg/ml in PBS with 0.1% Triton X-100, 50 mg/g for 3 min prior to loading the entire reaction volume
ml RNase) for 30 min on ice.onto a 15% polyacrylamide mini-gel. Electrophoresis was
carried out at a constant 150 V for 1 hr and the gels
Flow cytometry analysiswere fixed and stained in 40% methanol–10% acetic acid
containing 0.1% Coomassie blue. Gels were destained Before analysis, cells were passed through a 23-gauge
in 10% methanol–10% acetic acid and dried. Phosphory- needle to break cell clusters. Bivariate analysis of DNA/
lated histone H1 bands were then visualized and quanti- BrdUrd was performed with an EPICS V flow cytometer
fied using a PhosphorImager SF. using the 488-nm line of the argon laser operating at 500
mW. Green fluorescence (fluorescence from FITC-anti
Western blotting
BrdUrd antibodies) was collected through a 530/20-nm
bandpass filter set, and red fluorescence (the value forAt various time points after cell cycle inhibitors were
washed out, cells grown in culture plates were washed DNA content from PI staining) was collected above 630
nm. The data were analyzed with the software writtentwice with 10 ml of PBS and 1 ml of lysis buffer (50 mM
Tris–HCl, pH 7.5, 1% sodium deoxycholate, 1% Triton X- for MDADS Coulter Electronics, with the Para 1 program
(for DNA analysis) and with Quadstat. Data were col-100, 150 mM sodium chloride, 10 mg/ml of leupeptin, 20
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lected into two-parameter histograms showing green ver- cells proceeded through the G1 phase and started to
enter S phase, the percentage of G1 phase cells de-sus red fluorescence and were gated to eliminate any
particles that were not the correct size for intact cells. creased. From these results the approximate duration
of G1 phase in CNEO cells was calculated to be 10 hr,At least 104 cells were counted in each assay. With each
flow cytometric analysis a negative control (cells that i.e., 1 hr longer than in C2E1 cells. Both cell lines
started to enter the second G2 phase at 14 hr afterwere stained with mouse FITC-IgG (DACO Corp., CA)
was run to set the high voltage on the green Photo Multi- release from nocodazole block, which is consistent
with expression of BPV-1 E1 protein decreasing theplier Tube (PMT). The isotype control antibodies were
used at the same concentration as the FITC-anti-BrdUrd duration of G1 phase without affecting the overall cell
doubling time (Belyavskyi et al., 1994b).antibodies. The relative anti-BrdUrd fluorescence inten-
sity (RFI) in Fig. 2 was calculated as the ratio of the modal Comparing the cell cycle phase distribution curves
for C2E1 and CNEO cells after release from nocodazolegreen fluorescence of the cells in S-phase to the modal
green fluorescence of cells in G1-phase of the cell cycle, block, we observed that though E1-expressing cells
entered S phase prior to CNEO cells (1 hr earlier) bothusing RFI  100.0198, where 0.0198 is the factor for the
conversion of log to linear fluorescence distribution and lines started to exit S phase approximately at the same
time (decrease in the number of S phase cells beganis the difference in the modal log green fluorescence
channel of cells in S and G1 phase of the cell cycle between 14 and 15 hr). One possible interpretation of
this result is that E1 protein prolonged the duration(Schutte et al., 1987).
of the host S phase. To address this question more
accurately, both cell lines were synchronized at theRESULTS
G1/S border by mimosine blockade (Watson et al., 1991;
The effects of E1 on the cell cycle phase duration
Scarano et al., 1994). The cells were then released from
mimosine block and their progression through S phase(a) Cell cycle phase distribution analysis. Our previ-
ous data showed that expression of E1 protein af- was monitored. A decrease in the percentage of S
phase cells (an indication of the S to G2 transition) forfected the duration of individual host cell cycle stages
(Belyavskyi et al., 1994b). In the present study we fur- C2E1 cells was observed between 8 and 9 hr postmi-
mosine release, while CNEO cells started to exit Sther addressed this question and studied the progres-
sion of E1-expressing and control cells throughout in- phase between 7 and 8 hr (Figs. 1C and 1D). Thus
there was a prolongation of the S phase duration in E1-dividual cell cycle stages. The strategy used was to
block cell cycle progression in specific stages using expressing cells, which is consistent with the observed
differences in the exiting times after release from noco-different cell cycle inhibitors. The inhibitors were then
washed out and progression through the succeeding dazole block (Figs. 1A and 1B).
(b) Bromodeoxyuridine (BrdUrd) pulse labeling. Thestage was monitored by taking samples at various
time points post release, staining, and processing by above data were obtained based on cell cycle phase
distribution analysis, which allows an estimate of theflow cytometry as described under Material and Meth-
ods. Cell cycle phase distributions for C2E1 and CNEO percentage of the cells at different cell cycle stages by
measuring their relative DNA content. To confirm thesecells after release from nocodazole block are shown
in Fig. 1. When E1-expressing cells were released data, we directly measured the beginning and duration
of host DNA replication by pulse labeling with BrdUrd,from this mitotic block, the number of G2 / M phase
cells decreased, remained at a low level for 14 hr, and which is currently the standard method used to monitor
cell progression through the S phase (Schutte et al.,then started to increase (Fig. 1A). Simultaneous with
the decreasing amount of G2 / M phase cells, the 1987; Watson et al., 1991; Lohr et al., 1995). Changes
in the patterns of BrdUrd uptake reflect the entrance,number of G1 phase cells started to increase reaching
a maximum level about 9 hr postrelease. After that progression through, and exit of cells from the S phase.
To determine the start point and the duration of S phasetime the number of G1 cells began to decrease, con-
comitant with an increase in the percentage of S in C2E1 and CNEO cells, nocodazole-arrested cells
were released from the block, pulse labeled withphase cells. From these results the approximate dura-
tion of G1 phase in E1-expressing cells was judged BrdUrd at various times after release, and the amount of
incorporated BrdUrd was measured by flow cytometry.to be 9 hr.
When CNEO cells were released from the nocoda- For the first 10 hr after CNEO cells were released from
the mitotic block, there was no detectable BrdUrd uptakezole block, the number of G2 / M phase cells de-
creased, reaching a minimum level of approximately above the background (Fig. 2). Between 10 and 11 hr
postrelease, the amount of BrdUrd uptake started to in-45 – 50% of the total cells which was maintained through
14 hr postrelease (Fig. 1B). Concomitant with the exit crease, marking the beginning of the G1 to S transition.
As cells progressed through S phase and reached thefrom G2 / M phase, the number of G1 phase cells
started to increase. Beginning at 10 hr postrelease, as S/G2 boundary, the level of BrdUrd uptake decreased
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FIG. 1. Cell cycle phase distribution for C2E1 and CNEO cells. E1-expressing (C2E1) and control (CNEO) cells were synchronized in mitosis (A
and B) by a 16-hr incubation in DMEM with nocodazole (1 mg/ml, Sigma), or at the G1/S boundary (C and D) by a 16-hr incubation in DMEM with
mimosine (400 mM, Sigma). The drug-containing medium was then removed and replaced by fresh DMEM without drugs. At the indicated time
points after release from the drug-induced block, the cells were harvested, fixed, stained, and processed by flow cytometry as described under
Materials and Methods. Based on DNA histograms, the percentage of the cells at different cell cycle stages was determined for each time point.
Each data point is a mean value of three independent experiments. The error bars indicate the standard errors of the mean.
and between 14 and 15 hr dropped back to the back- earlier than in CNEO cells), thus confirming that E1 ex-
pression decreased the duration of G1 phase by 10–ground level. The timing of G1 to S and S to G2 transitions
after release from nocodazole block were consistent with 15%. Beginning with 15 hr postrelease, the level of
BrdUrd uptake began to decrease slowly. Contrary toour previous observation, based on cell cycle phase dis-
tribution analysis (Fig. 1). When C2E1 cells were released CNEO cells, BrdUrd uptake in C2E1 cells remained ele-
vated for an extended period and never dropped to thefrom mitotic block, the pattern of change in BrdUrd up-
take was different (Fig. 2). BrdUrd uptake began to in- G1 background level during the period monitored. Similar
results were observed when mimosine-arrested cellscrease between 9 and 10 hr postrelease (about 1.5 hr
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FIG. 1.—Continued
were released from the block. After mimosine release the host cell cycle stages. It is now well known that
progression through the cell cycle is regulated by theBrdUrd uptake in C2E1 and CNEO cells was initiated at
family of cyclin-dependent protein kinases, composed ofthe same time; however, only E1-expressing cells
a protein kinase catalytic subunit (CDK) and its positiveshowed the extended period of BrdUrd incorporation
regulatory subunit-cyclin (Dratta, 1990; Hunter, 1993;(data not shown).
Nasmyth and Hunt, 1993; Ohtsubo and Roberts, 1993;
Sherr, 1993; Solomon, 1993). The activity of these com-The effect of E1 on the p13suc1-sepharose
plexes oscillates in the cell cycle and initiates transitionprecipitated H1 kinase activity
from one cycle stage to the other (Hartwell and Weinert,
The above discussed kinetic studies, as well as our 1989; Li and Deshaies, 1993; Murray and Hunt, 1993;
previous data (Belyavskyi et al., 1994b), indicated that Murray, 1994; Morgan, 1995). To understand the possible
mechanism of E1 protein action, we further comparedexpression of BPV-1 E1 protein affects the duration of
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FIG. 2. The rate of BrdUrd uptake in C2E1 and CNEO cells. The cells were synchronized in mitosis by nocodazole treatment (see legend in Fig.
1). At the indicated time points post nocodazole release, BrdUrd (10 mM, Sigma) was added to the DMEM and cells were incubated in DMEM with
BrdUrd for 30 min. The cells were then harvested, fixed, stained, and processed by flow cytometry as described under Materials and Methods.
Each data point is a mean value of three independent experiments. The error bars indicate the standard errors of the mean.
the timing of appearance and the activity of various was observed between 9 and 10 hr postrelease, i.e.,
about 1 hr later than for CNEO cells. This was consistentcyclins and cyclin-dependent protein kinases in E1-ex-
pressing and control cell lines. with the difference in the time of entrance into G2 phase
after release from mimosine block between C2E1 andThe effects of E1 on the CDK activity expressed during
the G2 to M progression was examined by synchronizing CNEO cells (Fig. 1), suggesting that expression of E1
protein had no effect on the mechanism ensuring theE1-expressing and control cells with a mimosine block
as discussed above. After release from mimosine, E1 proper timing of p13suc1-H1 kinase activation in G2 phase.
There was, however, a difference in the pattern of fluctua-expressing and control cells moved synchronously into
S phase, but C2E1 cells exited from S phase approxi- tion in p13suc1-H1 kinase activity between these two cell
lines. Contrary to CNEO cells, kinase activity observedmately 1 hr later than CNEO cells (Figs. 1 and 2). We
further asked whether this time difference was main- in C2E1 cells remained high for more than 3 hr with only
minor fluctuations in level. We propose that the observedtained as both cell lines progressed through the G2 to
M phase. To this end we monitored the timing of appear- prolongation of the active state of p13suc1-H1 kinase in
C2E1 cells results from the effects of E1 protein on theance of the mitotic kinase activity in C2E1 and CNEO
cells after release from mimosine block. regulatory mechanisms which insure the proper timing
of p13suc1-H1 kinase inactivation in the course of the cellAt various time points postrelease, cellular extracts
were incubated with p13suc1-Sepharose beads and pre- cycle.
cipitated kinase activity was determined using histone
H1 as an in vitro substrate (Fig. 3). Several CDKs, includ- The effects of E1 on G1 cyclins
ing CDK2, CDC2, and CDK3 are known to bind to p13suc1-
Sepharose beads (Ducommun et al., 1991; Marcote et There is an increasing body of evidence suggesting
that G1 cyclins are involved in the control of the cellal., 1993), but in the present study we have not addressed
which type of CDK was involved. Consequently, we will progression through the G1 phase of the cell cycle (Hunt,
1989; Reed, 1991; Pines, 1993; Sherr, 1993). Having es-refer to the observed activity as ‘‘p13suc1-sepharose pre-
cipitated kinase activity (p13suc1-H1 kinase).’’ When CNEO tablished that there is a decrease in the G1 phase dura-
tion in C2E1 cells compared to CNEO cells, we ad-cells were released from the mimosine block, the in-
crease in p13suc1-H1 kinase activity was observed be- dressed the question of whether this effect is related to
an alteration in the abundance or timing of G1 cyclintween 8 and 9 hr postrelease. There was amplified ki-
nase activity over the next 2 hr followed by decline to appearance during the G1 to S transition. At various
times after release from nocodazole block, total cell ex-the background level as the cells proceeded through
mitosis to the G1 phase. When C2E1 cells were released tracts prepared from C2E1 and CNEO cells were subject
to SDS–PAGE electrophoresis. Both the timing of thefrom the mimosine block, the increase in kinase activity
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FIG. 3. Profiles of p13suc-1-precipitated H1 kinase activity from C2E1 and CNEO cells during the S to M phase transition. The cells were synchronized
by mimosine block (see Fig. 1 legend). At the indicated time points postmimosine release, cell extracts were prepared as described under Materials
and Methods and were used (100 mg of total protein in each case) to analyze p13suc-1-precipitated kinase activity, using histone H1 as the substrate.
32P-labeled histone H1 bands were visualized and quantified using a PhosphorImager. Each data point is a mean value of three independent
experiments. The error bars indicate the standard errors of the mean.
appearance and the intracellular levels of cyclin D1 and in CNEO cells than in C2E1 cells. This might reflect the
requirements for different threshold levels of cyclin D incyclin E were determined by immunoblotting. Figure 4A
shows a representative blot of the data. Three additional C2E1 versus CNEO cells in order to activate cyclin D1-
dependent pathways during G1 to S transition (see Dis-independent experiments showed similar trends for the
timing and relative abundance of the cyclins between cussion). Cyclin D1 levels in CNEO cells declined back
to the C2E1 level only after 12 hr postrelease, the timeC2E1 and CNEO cells, though the absolute values in
cyclin levels varied somewhat from experiment to experi- when both cell lines were in S phase as was judged by
flow cytometry (Fig. 1).ment. As an internal control for equivalency of protein
concentration each membrane was also probed with Different results were obtained when the level of cyclin
E was monitored in C2E1 and CNEO cells after releaseanti-CDK2 antibodies since it was previously shown that
the level of CDK2 remains constant during G1 phase from nocodazole block. Using our experimental system,
during the first 12 hr postnocodazole release, we were(Hanson et al., 1994). The values presented in Figs. 4B
and 4C were obtained by densitometric analysis of the not able to measure a statistically significant difference
in cyclin E levels between C2E1 and CNEO cells at theblots shown in Fig. 4A and were calculated as the ratio
of the amount of cyclin D or cyclin E to CDK2 for each indicated time points (Fig. 4B). The absence of noticeable
E1 effects on the level of cyclin E, coupled with the ob-time point. The level of cyclin D1 in CNEO cells was low
during the first 4 hr postrelease, then increased to a served 10–15% decrease in the duration of G1 phase in
E1-expressing cells, suggests that there might be differ-maximum at 8 hr, and finally decreased gradually as cells
started to enter S phase (see Fig. 4B). These data show ent G1 cyclin-dependent rate-limiting pathways during
the G1 to S transition (see Discussion).the normal oscillation of cyclin D1 levels during G1 phase
with the peak in late G1 phase, which is in agreement
with results obtained with other cell lines (Baldin et al., Induction of polyploidy in E1-expressing cells
1993; Hanson et al., 1994; Nurse, 1994; Atadja et al.,
1995; Ohtsubo et al., 1995). The pattern of change in the Recently we showed that E1 expression during the
transition from quiescence to proliferation affected thelevels of cyclin D1 in C2E1 cells was different (Fig. 4B).
Significant cyclin D1 was detected in the nocodazole timing of PCNA appearance and its distribution be-
tween free and chromatin bound forms (Belyavskyi etarrested cells and comparable levels were maintained
for the first 6 hr postrelease. After that time cyclin D1 al., 1995). We suggested that E1 might perturb the
mechanisms regulating the temporal order of the hostlevels increased and then remained constant for the next
6 hr. An interesting observation is that beginning with 6 cell replication, thus causing the induction of poly-
ploidy. If this hypothesis was correct, then one shouldhr postrelease the total amount of cyclin D1 was higher
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FIG. 4. Profiles of cyclin D1 and cyclin E expression in C2E1 and CNEO cells during the G1 to S phase transition. Cells were synchronized in
mitosis by nocodazole block (see Fig. 1 legend). At the indicated time points after release from nocodazole block, cell extracts from C2E1 and
CNEO cells were prepared as described under Materials and Methods. (A) Samples (50 mg of total protein) were run on 10% SDS–PAGE and
immunoblotted with specific antibodies against cyclin D1, cyclin E, and CDK2. The values presented in (B) and (C) were obtained by densitometric
analysis of the blots in (A), using the IS-1000 Digital Imaging System. For each time point, the cyclin D and E values are expressed as the ratio of
the amount of cyclin to the amount of CDK2.
expect to see a continued stimulation of cellular DNA DISCUSSION
synthesis and accumulation of the cells with DNA con-
The results presented here demonstrate that expres-tent beyond 4C (G2) in E1-expressing cells. Analysis
sion of E1 protein affected the duration of the host cellof the patterns of BrdUrd uptake into C2E1 and CNEO
cycle stages, the pattern of cyclin D1 expression, andcells showed that the process of active DNA synthesis
the activity of p13Suc-1-H1 kinase, as well as induced un-was maintained at 16 – 17 hr postnocodazole release
scheduled host DNA replication in a subpopulation ofonly in C2E1 cells (Fig. 2). Flow cytometry data revealed
E1-expressing cells. Molecular mechanisms underlyingthat the majority of the cells started the S to G2 transi-
all these effects are still elusive, but are unlikely to betion at that time (Fig. 1). This prolongation of DNA repli-
due to gross overexpression of E1 protein. All the experi-cation in 10 – 15% of E1 expressing cells resulted in the
ments described here were performed with uninducedappearance of a subpopulation withG2 DNA content.
cultures of C2E1 cells. Intracellular levels of E1 shouldFigure 5 shows a typical example of a DNA-FITC-
BrdUrd two parameter histogram of C2E1 and CNEO be low since E1 is expressed only from the weak MMTV
basal promoter in the absence of dexamethasone. Undercells at various times postnocodazole release. Begin-
ning with 12 hr postrelease, a pulse label with BrdUrd these conditions we were not able to detect E1 protein
by immunoblot analysis in either the C2E1 cells or a BPV-revealed the appearance of a subpopulation of C2E1
cells with G2 DNA content. The arc-like shape of this 1-transformed C127 line (data not shown). However, E1
expression could be detected in both cell lines by flowsecond BrdUrd incorporation (rightmost) confirmed the
presence of active DNA synthesis in the E1-expressing cytometric analysis using an anti-E1 peptide antibody as
previously described (Belyavskyi et al., 1994a,b). Specificsubpopulation with G2 DNA content.
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FIG. 4.—Continued
green fluorescence, reflecting total E1 level in the popula- Recently it was shown that cyclin degradation and
MPF inactivation were required for the cell to exit mitosistion, was determined to be 0.30 for C2E1 cells and 0.35
for the BPV1-transformed line. Thus both lines have simi- (King et al., 1994). It was also shown that the inability to
exit mitosis was accompanied by an elevated level oflar total E1 contents, which suggests that the E1 effects
observed in C2E1 cells could be relevant at the physio- mitotic kinase activity. These findings are quite similar
to the ones observed in the present study. Expressionlogic levels of E1 expressed from the viral genome in
transformed cells. Verification that E1 effects on the host of E1 protein increased the duration of G2 / M phase
with simultaneous prolongation of an elevated level ofcell are biologically relevant will likely require the isola-
tion of specific E1 mutants that retain normal replicative p13suc1-precipitated kinase activity. These results may be
a consequence of E1 effects on (a) preventing or post-and transcriptional regulatory functions, but are still de-
fective for the complete viral life cycle. poning ubiquitination-dependent cyclin B degradation;
FIG. 5. Typical example of DNA-bromdeoxyuridine (FITC-antiBrdUrd) two-parameter histograms of C2E1 and CNEO cells at indicated time points
after release from nocodazole-induced mitotic block (see Fig. 2 for legend). Note the appearance of a subpopulation with G2 DNA content with
arc-like shape (rightmost) beginning at 11 hr post release.
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(b) setting proper timing of activation of the degradation Recently it was also shown that overexpression of
cyclin D1 or cyclin E decreased G1 phase and increasedsystem; or (c) preventing CDKs and/or cyclins from modi-
fication. In Schizosaccharomyces pombe, the loss of S and G2 / M phase durations, while preserving the
same generation doubling time as the control cellssuc1 function leads to mitotic arrest which was accompa-
nied by an increase of cdc2–cdc13 kinase activity. It (Quelle et al., 1993; Resnitzky et al., 1994; Ohtsubo et al.,
1995). The authors suggested that as a consequence ofwas suggested that the presence of suc1 protein was
required to initiate degradation of mitotic cyclin cdc13 the shortened G1 phase the cells entered S phase with
suboptimal amounts of one or more factors that wereand that it’s absence caused cell cycle arrest in mitosis
(Basi and Draetta, 1995). As we have preliminary results necessary for bringing about DNA replication and mitosis
at the normal rate. One of the interesting results obtainedwhich show an interaction between E1 and suc1 proteins
(data not shown), it will be important to further analyze in the present study was the overexpression of cyclin D1
during early G1 phase in E1-expressing cells and thethe functional state of suc 1 protein in E1-expressing
cells for better understanding the possible pathways of absence of detectable E1 effects on the level of cyclin
E. On the other hand, there was about an 10–15% de-E1 effects on the host cell cycle duration.
The observed prolongation of G2 / M phase duration crease in the duration of the G1 phase in E1-expressing
cells compared to the control cells. One possible inter-in E1-expressing cells may also be a result of compensa-
tory feedback regulation. It has been shown that overex- pretation would be the existence of two different rate-
limiting regulatory pathways, controlled by cyclin D1 andpression of either cyclin D1 or cyclin E in human diploid
fibroblasts shortened the G1 phase duration by about cyclin E, respectively. This is in good correlation with the
recent findings of different roles for cyclin D1 and cyclin20%; however, there was no change in overall cell cycle
time duration due to a compensatory lengthening of G2 E in regulating the G1 to S transition (Resnitzky and Reed,
1995). When cyclin E and cyclin D1 were overexpressed/ M and S phases (Resnitzky and Reed, 1995). In our
previous studies we showed that the total generation together in Rat-1 cells there was an additive effect on
shortening (about 60–70% of the control) G1 phase dura-time and growth rate were the same in E1-expressing
and control cells, though durations of individual cell cycle tion. When these cyclins were overexpressed separately
only a 20–30% decrease in G1 phase duration was ob-stages were different (Belyavskyi et al., 1994b). It will be
important to determine which of the host cell cycle stages served. Based on these data, we propose that the ob-
served shortening of the G1 phase duration in C2E1 cellsare the main target of E1 effects and which are compen-
satory responses. might be the result of E1 effects on a cyclin D1-dependent
regulatory pathway.In the present study we show that the pattern of cyclin
D1 expression was different in E1 expressing and control We were not able to detect any statistically signifi-
cant differences in the total levels of G1 cyclins incells. In control cells the transient peak in the intracellu-
lar level of cyclin D1 was observed in the middle of G1 unsynchronized E1-expressing versus control cells
(data not shown). However, using cell cycle phasephase. This peak may mark the transition from the middle
to late G1 phase, i.e., define the time when cells no distribution analysis, we previously showed that the
difference between these cell lines in the total amountlonger require growth factors to enter S phase (Pardee,
1974). At about this same time in G1, cells initiate pRb of G1 phase cells was less than 10% (Belyavskyi et al.,
1994b). As this difference would be distributed amongphosphorylation which is the critical step in mediating
G1 to S progression (reviewed by Weinberg, 1995). A cells in early, middle, and late G1, the differences ob-
served in the current study using synchronized cellscertain amount of cyclin D1 was shown to be required
to mediate this pRb phosphorylation (Dowdy et al., 1993; would have been difficult to detect in unsynchronized
cultures.Ewen et al., 1993; Meyerson and Harlow, 1994). Since
at the middle of G1 phase E1-expressing cells showed During our flow cytometry analysis of BrdUrd incor-
poration we observed the appearance of a fraction ofreduced (compared to control) levels of cyclin D1, it is
quite possible that the required threshold level of cyclin E1-expressing cell with G2 DNA content and with
continuous DNA replication. While this subpopulationD1 may be lowered in E1-expressing cells, thus leading
to premature pRb phosphorylation. If this essential G1 has not been studied in detail, it is worth noting that
transfection with SV40 also results in the appearancelandmark is traversed earlier, this may prematurely trig-
ger the liberation of a series of transcriptional factors of a cell subpopulation with G2 DNA content (Leh-
man et al., 1993; Friedrich et al., 1994; Scarano etthat further activate expression of the genes required to
initiate DNA synthesis (Nevins, 1992; Sherr, 1994). One al., 1994). The authors showed that stimulation of the
second S phase was dependent on wild-type T-anti-of the consequences of this premature entrance into S
phase might be the inability of the cell to complete all gen function, mainly on the ability of T-antigen to re-
duce the activity of M phase promoting factor in G2the repair processes before the cell entered S phase.
This may result in replication of unrepaired DNA, thus phase of the cell cycle. They also showed that entry
into G2 phase was associated with the appearancecausing the genetic instability of the transfected cells.
AID VY 7897 / 6a16$$$$43 04-02-96 17:48:56 vira AP: Virology
217CELL CYCLE PERTURBATIONS AND BPV-1 E1 PROTEIN
of a hypophosphorylated form of pRb in SV40-infected phocytes treated with HIV-1 transactivator protein Tat
(Li et al., 1995). Though in the present study we alsocells (Friedrich et al., 1993). The mechanism of pRb
dephosphorylation and its role in entry into the second show the prolongation of p13suc1-H1 kinase activity in
E1-expressing cells, its possible correlation with theS phase are still not known. The ability to induce the
second S phase without mitosis would require an un- induction of apoptosis remains to be addressed.
Clearly, further studies and identification of the hostcoupling of the normal pathways linking the comple-
tion of S phase to mitosis. Considering that pRb de- cell factors that can interact with E1 protein will be critical
for understanding the mechanisms by which E1 proteinphosphorylation is ordinarily associated with the
metaphase – anaphase transition, the appearance of alters the host cell. Given the high degree of homology
between E1 proteins among all the papillomaviruses, ithypophosphorylated pRb in G2 cells may represent
one of the means for this uncoupling pathway. It is is expected that human papillomavirus E1 proteins may
possess the same properties. These actions of E1 pro-worthwhile to mention that recently a temperature-
sensitive mutant of V79 Chinese hamster cells, ts41, teins may promote a host cell environment suitable for
viral persistence and may contribute to the pathogenesiswas shown to enter the second S phase without com-
pletion of mitosis. A model of cell progression through of these infections.
the cycle was proposed based on the ability of the
NO-S form of the ts41 gene product to be converted ACKNOWLEDGMENTS
to the YES-M form, as cells passed the restriction point
We thank Dr. H. Sauer for critical comments on the manuscript. This
(Handeli and Weintraub, 1992). The possible interac- work was supported by a grant from the Texas Advanced Research
tion of E1 protein with this regulatory pathway remains Program and PHS Grant CA5699.
to be addressed. Recently, in vitro studies showed
that cellular replication protein DNA polymerase a, REFERENCES
but not RPA, can specifically interact with E1 protein
Alderborn, A., and Burnett, S. (1994). Regulation of DNA synthesis in
(Park et al., 1994; Bonne-Andrea et al., 1995). These division-arrested mouse C127 cells permissive for bovine papillo-
interactions may be responsible for an observed E1- mavirus DNA amplification. J. Virol. 68, 4349–4357.
Atadja, P., Wong, H., Veillete, C., and Riabowol, K. (1995). Overex-dependent increase in DNA polymerase a activity (S.
pression of cyclin D1 blocks proliferation of normal diploid fibro-Holt and V. Wilson, unpublished results). It is likely
blasts. Exp. Cell Res. 217, 205–216.that this interaction is essential for E1-dependent initi-
Baldin, V., Likas, M., Marcote, M., Pagano, M., Bartek, J., and Draetta,
ation of viral DNA replication. On the other hand, E1 G. (1993). Cyclin D1 is the nuclear protein required for cell cycle
protein may nonspecifically bind to the host DNA and progression in G1. Genes Develop. 7, 812–821.
Basi, G., and Draetta, G. (1995). p13suc1 of Schizosaccharomyces pombeconstantly tether the DNA polymerase a to nonspecific
regulates two distinct forms of the mitotic cdc2 kinase. Mol. Cell.sites, thus leading to the unscheduled stimulation of
Biol. 15, 2028–2036.the host DNA replication. In other words, the dynamics
Belyavskyi, M., Miller, J., and Wilson, V. (1994a). Bovine papillomavirus
of assembling and disassembling of replication struc- E1 protein affects the host cell cycle phase fractions. Cytometry 16,
tures, known to be an important mechanism control- 129–137.
Belyavskyi, M., Miller, J., and Wilson, V. (1994b). The bovine papillomavi-ling progression and exit from S phase (Li and Des-
rus E1 protein alters the host cell cycle and growth properties. Virol-haies, 1993), may be altered in the subpopulation of
ogy 204, 132–143.E1-expressing cells with G2 DNA content.
Belyavskyi, M., Miller, J., Belyavskaya, E., and Wilson, V. (1995). BPV
An intriguing question is a fate of the C2E1 subpop- E1 protein alters the kinetics of the cell cycle entry of serum starved
ulation with a G2 DNA content. If during each cell mouse fibroblasts. Cytometry 21, 257–264.
Bonne-Andrea, C., Santucci, S., Clertant, P., and Tillier, F. (1995). Bovinecycle about 10 – 15% of the cells undergo the second
papillomavirus E1 protein binds specifically DNA polymerase a butround of DNA synthesis (see Fig. 5), then constant
not replication protein A. J. Virol. 69, 2341–2350.maintenance of an E1-expressing cell line should be
Brandsma, J. (1994). Animal models of human-papillomavirus associ-
accompanied by an increase in the percentage ofG2 ated oncogenesis. Intervirology 37, 189–200.
phase cells. Though we were able to detect the ap- Cegielska, A., Moarefi, I., Fanning, E., and Virshup, D. (1994). T-antigen
kinase inhibits simian virus 40 DNA replication by phosphorylationpearance of cells with G2 DNA content as E1-ex-
of intact T antigen on serines 120 and 123. J. Virol. 68, 269–275.pressing cells were cultivated more than 3 months, the
Cheng, S., Schmidt-Grimminger, D.-C., Murant, T., Broker, T. R., andtotal percentage of these cells was relatively constant
Chow, L. T. (1995). Differentiation-dependent up-regulation of the
(data not shown but see Belyavskyi et al., 1994b). One human papillomavirus E7 gene reactivates cellular DNA replication
possible explanation of these data might be constant in suprabasal differentiated keratinocytes. Genes & Dev. 9, 2335–
2349.elimination of these cells by the process of pro-
Chow, L. T., and Broker, T. R. (1994). Papillomavirus DNA replication.grammed cell death (apoptosis). Our preliminary data
Intervirology 37, 150–158.suggest that E1 protein might affect the induction of
Demeter, L. M., Stoler, M. H., Broker, T. R., and Chow, L. T. (1994).
apoptosis in serum-starved cells. It is worth noting Induction of proliferating cell nuclear antigen in differentiated kera-
that recently an increase in Cdk kinase activity was tinocytes of human papillomavirus-infected lesions. Hum. Pathol. 25,
343–348.shown to precede the induction of apoptosis in lym-
AID VY 7897 / 6a16$$$$44 04-02-96 17:48:56 vira AP: Virology
218 BELYAVSKYI ET AL.
Dickmanns, A., Zeitvogel, A., Simmersbach, F., Weber, R., Arthur, A. K., Meyerson, M., and Harlow, E. (1994). Identification of G1 kinase activity
for cdk6, a novel cyclin D partner. Mol. Cell. Biol. 14, 2077–2086.Dehde, S., Wildeman, A. G., and Fanning, E. (1994). The kinetics of
simian virus 40-induced progression of quiescent cells into S phase Moran, E. (1993). DNA tumor virus transforming proteins and the cell
cycle. Curr. Opin. Genet. Dev. 3, 63–70.depend on four independent functions of large T antigen. J. Virol. 68,
5496–5508. Morgan, D. (1995). Principles of CDK regulation. Nature 374, 131–134.
Murray, A. (1994). Rum tale of replication. Nature 367, 219–221.DiMaio, D., Guralski, D., and Schiller, J. T. (1986). Translation of open
Murray, A., and Hunt, T. (1993). ‘‘The Cell Cycle.’’ Freeman, New York.reading frame E5 of bovine papillomavirus is required for its trans-
Nasmyth, K., and Hunt, T. (1993). Dams and sluices. Nature 366, 634–forming activity. Proc. Natl. Acad. Sci. USA 83, 1797–1801.
635.Dowdy, S., Hinds, W., Louie, K., Reed, S., Arnold, A., and Weinberg, R.
Nevins, J. R. (1992). E2F; a link between the Rb tumor suppressor(1993). Physical interaction of the retinoblastoma protein with human
protein and viral oncogenesis. Science 258, 424–429.D cyclins. Cell 73, 499–511.
Nurse, P. (1994). Ordering S phase and M phase in the cell cycle. CellDratta, G. (1990). Cell cycle control in eukaryotes: Molecular mecha-
79, 547–550.nisms of cdc2 activation. Trends Biochem. Sci. 15, 378–383.
Ohtsubo, M., and Roberts, J. M. (1993). Cyclin-dependent regulation ofDucommun, B., Brambilla, P., and Graetta, G. (1991). Mutation in sites
G1 in mammalian fibroblasts. Science 259, 1908–1912.involved in Suc1 binding inactivate CDC2. Mol. Cell. Biol. 11, 6177–
Ohtsubo, M., Theodoras, A., Schumacher, J., Roberts, J., and Pagano,6184.
M. (1995). Human cyclin E, a nuclear protein essential for theEwen, M., Slus, H., Sherr, C., Matsushime, H., Kato, J., and Livingston,
G1-to-S phase transition. Mol. Cell. Biol. 15, 2612–2624.D. (1993). Functional interaction of the retinoblastoma protein with
Pardee, A. B. (1974). A restriction point for control of normal animalhuman cyclin D cyclins. Cell 73, 487–497.
cell proliferation. Proc. Natl. Acad. Sci. USA 71, 1286–1290.Fanning, E., and Knippers, R. (1992). Structure and function of simian
Park, P., Copeland, W., Yang, L., Wang, T., Botchan, M., and Mohr,virus 40 large tumor antigen. Annu. Rev. Biochem. 61, 55–85.
I. (1994). The cellular DNA polymerase a-primase is required forFriedrich, T. D., Laffin, J., and Lehman, J. M. (1993). Hypophosphorylated
papillomavirus DNA replication and associates with the viral E1 heli-retinoblastoma gene product accumulates in SV40-infected CV-1
case. Proc. Natl. Acad. Sci. USA 91, 8700–8704.cells acquiring a tetraploid DNA content. Oncogene 8, 1673–1677.
Pines, J. (1993). Cyclins and cyclin-dependent kinases: Take your part-Friedrich, T. D., Laffin, J., and Lehman, J. M. (1994). Induction of tetra-
ners. Trends Biochem. Sci. 18, 195–197.ploid DNA content by simian virus 40 is dependent on T-antigen
Quelle, D., Ashmun, R., Shurtleff, S., Kato, J., Bar-Sagi, D., Roussel,function in the G2 phase of the cell cycle. J. Virol. 68, 4028–4030.
M., and Sherr, C. (1993). Overexpression of mouse D-type cyclinsGreen, M., and Loewenstein, P. M. (1987). Demonstration that a chemi-
accelerates G1 phase in rodent fibroblasts. Genes Dev. 7, 1559–cally synthesized BPV1 oncoprotein and its C-terminal domain func-
1571.tion to induce cellular DNA synthesis. Cell 51, 795–802.
Reed, S. I. (1991). G1-specific cyclins: In search of an S-phase promot-
Handeli, S., and Weintraub, H. (1992). The ts41 mutation in Chinese
ing factor. Trends Genet. 7, 95–99.
hamster cells leads to successive S phases in the absence of in-
Resnitzky, D., and Reed, S. (1995). Different roles for cyclin D1 and E
tervening G2, M and G1. Cell 71, 599–611.
in regulation of the G1-to-S transition. Mol. Cell. Biol. 15, 3463–3469.
Hanson, K., Shichiri, M., Follansbee, M., and Sedivy, J. (1994). Effects Resnitzky, D., Gossen, M., Bujard, H., and Reed, S. (1994). Acceleration
of c-myc expression on cell cycle progression. Mol. Cell. Biol. 14, of the G1/S phase transition by expression of cyclin D1 and E with
5748–5755. an inducible system. Mol. Cell. Biol. 14, 1669–1679.
Hartwell, L. H., and Weinert, T. A. (1989). Checkpoints: Controls that Sambrook, J., Fritsch, E., and Maniatis, T., Eds. (1989) ‘‘Molecular Clon-
ensure the order of cell cycle events. Science 246, 629–634. ing,’’ 2nd ed. Cold Spring Harbor Laboratory Press, Cold Spring Har-
Hunt, T. (1989). Maturation promoting factor, cyclin and the control of bor, NY.
M phase. Curr. Opin. Cell Biol. 1, 268–274. Sandler, A. B., Vande Pol, S. B., and Spalholz, B. A. (1993). Repression
Hunter, T. (1993). Braking the cycle. Cell 75, 839–841. of bovine papillomavirus type 1 transcription by the E1 replication
Jareborg, N., Alderborn, A., and Burnett, S. (1992). Identification and protein. J. Virol. 67, 5079–5087.
genetic definition of a bovine papillomavirus type 1 E7 protein and Sarver, N., Rabson, M. S., Yang, Y. C., Byrne, J. C., and Howley, P. M.
absence of a low-copy-number phenotype exhibited by E5, E6, or E7 (1984). Localization and analysis of bovine papillomavirus type 1
viral mutants. J. Virol. 66, 4957–4965. transforming functions. J. Virol. 52, 377–388.
King, R., Jackson, P., and Kirchner, M. (1994). Mitosis in transition. Cell Scarano, F., Laffin, J., Lehman, J., and Friedrich, T. (1994). Simian virus
79, 563–571. 40 prevents activation of M-phase promoting factor during lytic infec-
Lehman, J., Friedrich, T., and Laffin, J. (1993). Quantitation of Simian tion. J. Virol. 68, 2355–2361.
virus 40 T-antigen correlated with the cell cycle of permissive and Schneider, A. (1994). Natural history of genital papillomavirus infections.
non-permissive cells. Cytometry 14, 401–410. Intervirology 37, 201–214.
Le Moal, M. A., Yaniv, M., and Thierry, F. (1994). The bovine papillomavi- Schutte, B., Reynders, M., van Assche, C. L. M., Hupperets, P. S. G. J.,
rus type 1 (BPV1) replication protein E1 modulates transcriptional Bosman, F. T., and Blijham, G. H. (1987). An improved method for the
activation by interacting with BPV1 E2. J. Virol. 68, 1085–1093. immunocytochemical detection of bromodeoxyuridine labeled nuclei
Li, C., Friedman, D., Wang, C., Metelev, V., and Pardee, A. (1995). Induc- using flow cytometry. Cytometry 8, 372–376.
tion of apoptosis in uninfected lymphocytes by HIV-1 Tat protein. Sherr, C. (1993). Mammalian G1 cyclins. Cell 73, 1059–1065.
Science 268, 429–431. Sherr, C. J. (1994). The ins and outs of RB: Coupling gene expression
Li, J., and Deshaies, R. (1993). Exercising self-restraint: Discouraging to the cell cycle clock. Trends Cell Biol. 4, 15–18.
illicit acts of S and M in eukaryotes. Cell 74, 223–226. Sladek, T. L., and Jacobberger, J. W. (1992). Simian virus 40 large
Lohr, F., Wenz, F., Haas, S., and Flentje, M. (1995). Comparison of T-antigen expression decreases the G1 and increases the G2 / M
proliferating cell nuclear antigen (PCNA) staining and BrdUrd-label- cell cycle phase durations in exponentially growing cells. J. Virol. 66,
ing index under different proliferative conditions in vitro by flow cy- 1059–1062.
tometry. Cell Prolif. 28, 93–104. Solomon, M. (1993). Activation of various cyclin/cdc2 protein kinases.
Curr. Opin. Cell Biol. 5, 180–186.Marcote, M., Knighton, R., Basi, G., Sowadski, J., Brambilla, P., Draetta,
G., and Taylor, S. (1993). A three-dimensional model of the cdc2 Turek, L. (1994). The structure, function and regulation of papillomaviral
genes in infection and cervical cancer. Adv. Virus Res. 44, 305–356.protein kinase: Localization of cyclin-and suc1 binding regions and
phosphorylation sites. Mol. Cell. Biol. 13, 5122–5131. Ustav, M., and Stenlund, A. (1991). Transient replication of BPV-1 re-
AID VY 7897 / 6a16$$$$44 04-02-96 17:48:56 vira AP: Virology
219CELL CYCLE PERTURBATIONS AND BPV-1 E1 PROTEIN
quires two viral polypeptides encoded by the E1 and E2 open reading sine reversibly arrests cell cycle progression at G1-S phase border.
Cytometry 12, 242–244.frames. EMBO J. 10, 449–457.
Ustav, M., Ustav, E., Szymanski, P., and Stenlund, A. (1991). Identifica- Weinberg, R. (1995). The retinoblastoma protein and cell cycle control.
Cell 81, 323–330.tion of the origin of replication of bovine papillomavirus and charac-
terization of the viral origin recognition factor E1. EMBO J. 10, 4321– Zemlo, T. R., Lohrbach, B., and Lambert, P. F. (1994). Role of transcrip-
tional repressors in transformation by bovine papillomavirus type 1.4329.
Vousden, K. H. (1994). Interactions between papillomavirus proteins J. Virol. 68, 6787–6793.
zur Hausen, H., and de Villiers, E. (1994). Human papillomaviruses.and tumor suppressor gene products. Adv. Cancer Res. 64, 1–24.
Watson, P., Hanauske-Abel, H., Flint, A., and Lalande, M. (1991). Mimo- Annu. Rev. Microbiol. 48, 427–447.
AID VY 7897 / 6a16$$$$44 04-02-96 17:48:56 vira AP: Virology
